Background: The highest rates of esophageal squamous cell carcinoma (ESCC) in Brazil occur in Rio Grande do Sul, the most southern state, which has incidence rates of 20.4/100,000/year for men and 6.5/100,000/year for women. Exposure to carcinogenic polycyclic aromatic hydrocarbons (PAHs) through tobacco smoke and other sources may increase the risk of ESCC. The aims of the current study were to investigate the degree and sources of PAH exposure of the inhabitants of this region of southern Brazil.
Background
Esophageal cancer is a common and usually fatal cancer that is characterized by great variation in rates among different populations. In South America, there is a geographic area of high esophageal squamous cell carcinoma (ESCC) incidence that encompasses southern Brazil, northeastern Argentina, Uruguay, and Paraguay, with agestandardized incident rates of approximately 20/100,000/ year [1] . Inhabitants of this area share a similar environment and similar habits and culture. Two habits they have in common that may contribute to the high ESCC rates are the high consumption of grilled red meat called churrasco and a daily consumption of large volumes of a beverage known as maté. Churrasco is barbequed meat grilled directly over a wood fire and is a potential source of polycyclic aromatic hydrocarbons (PAH), heterocyclic amines, and other contaminants which may be associated with cancer in humans [2, 3] . Mate is an infusion of the herb Ilex paraguayensis that is prepared in a gourd and is often drunk very hot through a metal straw, which delivers the liquid directly to the oropharynx and esophagus. Most epidemiologic studies that examined maté drinking have found significant associations with ESCC [4] [5] [6] [7] [8] [9] [10] , but one reported no association [11] .
In low-risk areas, most ESCC is attributable to alcohol, tobacco, and poor diet [12] , but the etiologic agents in high-risk populations remain unclear. PAHs, such as benzo [a] pyrene, and nitrosamines from tobacco smoke and from other sources may act as esophageal carcinogens [2, [13] [14] [15] [16] [17] . Animal studies have demonstrated a doseresponse relationship between benzo[a]pyrene food levels and the incidence of esophageal cancer in mice [18] .
Studies in the very high risk population of Linxian, China, where consumption of tobacco and alcohol is low, suggest that the inhabitants there may be exposed to high-levels of carcinogenic PAHs from the coal and wood used for cooking and heating in unvented stoves [19] [20] [21] . This hypothesis is also supported by the finding of high levels of benzo[a]pyrene in uncooked food samples [15] , histological changes suggestive of PAH exposure in esophagectomy specimens [14] , and high 1-hydroxypyrene glucuronide (1-OHPG) concentrations in urine samples from the inhabitants of this region [16] . 1-OHPG is a stable PAH metabolite that is excreted in the urine and is an index biomarker that reflects recent exposure to mixed PAHs [22] [23] [24] [25] [26] [27] . In northeastern Iran, another area with very high rates of ESCC and little consumption of tobacco and alcohol, the population also has high urine 1-OHPG concentration, consistent with exposure to very high levels of PAHs [28] .
To determine the degree and source of PAH exposure in inhabitants of southern Brazil we collected questionnaire data and determined urine concentrations of 1-OHPG from inhabitants of Rio Grande do Sul, the most southern state in Brazil.
Methods

Subjects
Participants were volunteers from Santa Maria, a city in the central region of Rio Grande do Sul. People attending the outpatient unit of the University Hospital with minor injuries, minor skin diseases, to donate blood, women visiting the gynecologist for annual screening, patients with dyspepsia after a normal upper gastrointestinal endoscopy, and patient's companions were considered eligible. After a brief description of the study purpose and requirements they were invited to participate. Greater than 90% of the invited individuals chose to participate. Subjects were recruited so that among the 200 healthy people half were male and half were female and within each of these groups half were current smokers and half were nonsmokers. Informed consent was obtained from each participant. The study was approved by the Ethical Committee on Research of the Health Sciences Center of the University of Santa Maria, RS, Brazil, and the analysis of anonymized data and samples was exempted from review by the Institutional Review Board of the National Cancer Institute, Bethesda, MD.
Questionnaire
All subjects were interviewed face-to-face using a pretested, standardized questionnaire, administered by specially trained interviewers. The questionnaire included: basic demographic variables and residence characteristics; habits of tobacco smoking (age started, age stopped, typical number of cigarettes per day, type of tobacco, and passive smoke exposure); history of alcohol drinking (type of alcoholic beverage, amount of each beverage consumed, duration of consumption); history of maté drinking (amount usually consumed/day); frequency of and fuel used to make barbeque and other cooking; preferred doneness and amount of barbeque typically eaten; and home heating fuel system and its smokiness.
Urine measurements
Each participant was recruited in the morning asked to provide a 10 ml urine sample. The urine samples were collected in a sterile container, frozen at -80°C, and shipped on dry ice to the National Cancer Institute. Urine samples were assayed in the laboratory of Dr. Strickland at the Johns Hopkins University. Urine 1-OHPG concentrations were measured using immunoaffinity chromatography and synchronous fluorescence spectroscopy as previously described [16, 25] . NicAlert Strips (Jant Pharmaceutical Corp., Encino, CA) were used to measure urine cotinine equivalents as directed by the manufacturer. This test produces categorical results ranging from zero (<1-10 ng/mL cotinine equivalents) to six (>2000 ng/mL). Because only a small number of subjects had urine cotinine results in each of categories two, three, and four, we collapsed these three groups into a single category.
Statistical analysis
Urine 1-OHPG concentrations were examined graphically and found to be skewed with a mode at the limit of detection which included 37/199 (19%) subjects. Log 10 transformation produced a normal curve outside the mode. Urine 1-OHPG was also represented as quintiles for some analyses. Univariate associations with 1-OHPG were examined by forming exposure data into quantiles and comparing them with the Wilcoxon rank sum test or the Kruskal-Wallis test. Age and maté were divided into empirical quartiles. Multivariate associations were examined using log-transformed urine concentrations in linear regression models. The final model was built by adding all variables, with selected members of a class (e.g. only one of the variables associated with barbeque preparation), and deleting those that were not significant, based on the F-test, and whose removal did not change the estimates for the remaining variables. Interactions between sex or tobacco smoking and other variables were explored. When tested independently (data not shown) we found a significant interaction between barbeque preparation and smoke exposure, so it was retained in the final model. A borderline significant interaction between smoke exposure and maté was also retained. The p-values for the interactions were inflated slightly in the final model. To better show the effects of these interaction we plotted the data for the four groups. Data for plotting was jittered to improve clarity. All analyses were carried out using SAS version 9 (SAS Institute, Cary, NC). All p-values come from two-sided tests.
Results
We recruited a total of 200 subjects evenly divided by sex and current smoking status and each completed a questionnaire and provided a urine sample. We successfully measured urine 1-OHPG and cotinine on 199 of these subjects, so these subjects appear in the remaining analyses. The median (interquartile range) of urine 1-OHPG in the 199 participants was 2.09 pmol/mL (0.51, 5.84). Table 1 presents the distributions and univariate associations between personal characteristics and habits and the concentration of 1-OHPG. We found associations between urine 1-OHPG concentrations and age, tobacco use, urine cotinine, smoke exposure maté consumption, and drinking cachaça (distilled sugar cane liquor). Smoke exposure was defined as all subjects reporting current tobacco smoking or a cotinine value greater than category 1 (>30 ng/ml). Maté consumption showed a step-wise increase between volume consumed and urine 1-OHPG concentration We used tabular analysis to look for associations between these factors and tobacco smoking, the most likely contributor to urine 1-OHPG. We found associations between tobacco smoking and each of the factors. By increasing order of age group, we found a prevalence of smoking of 52%, 63%, 58%, and 17%, respectively, (3 df chi-square < 0.0001). Fifty-three percent of maté consumers, but only 29% of non-consumers reported current smoking (chi-square P = 0.0031). We expected and found that most subjects with urine cotinine values of 5 or 6 reported current use of tobacco. Fifty-three percent of non-smokers had cotinine values greater than category zero, but only 1 had a value of 5 or 6. Significantly more cachaça drinkers (71%) reported current tobacco smoking than did non-drinkers (44%) (chi-square P = 0.0042). Table 2 presents the results from a multivariate linear regression model for the association between the examined factors and urine 1-OHPG. The final model had a total r 2 of 0.21. Our multivariate model showed significant associations between urine 1-OHPG and age, smoke exposure, maté drinking, but the univariate association with cachaça appears to have resulted from confounding by tobacco smoke exposure. We found interactions between smoke exposure and both maté drinking and barbeque preparation. This suggests that the difference in urine 1-OHPG associated with these factors was not the same in smoke exposed and non-smoke exposed subjects. For example, among non-smoke exposed individuals, maté was associated with a significant increase in urine 1-OHPG. Among the smoke exposed there was no apparent increase in urine 1-OHPG. We obtained similar results with two different barbeque preparation variables, namely "Did you prepare barbeque in the last week" and "Do you prepare barbeque at least once a week."
Because of the complexity of the final model, we wished to examine the effect of maté consumption and barbeque preparation graphically. Therefore, we divided the cohort into groups and plotted the individual urine concentrations. Figure 1 presents the data by maté consumption and smoke exposure and Figure 2 presents the data by barbeque preparation and smoke exposure. In these figures, the effects of maté consumption and barbeque preparation are more pronounced in non-smokers.
We wanted to assure that our results were not due to the shape of the distribution of urine 1-OHPG concentrations, so we created an alternative urine 1-OHPG scale by categorizing subjects into five quintiles where the first quintile was subjects at or near the limit of detection and the remaining subjects were assigned to the remaining values. Replacing the log-transformed urine 1-OHPG concentration value with the quintile category and fitting the same final model produced very similar results, reassuring us that the results were not sensitive to the shape of the distribution (data not shown).
Discussion
According to the Brazilian Ministry of Health, southern Brazil has incidence rates for ESCC of approximately 20.4/ 100,000/year for men and 6.5/100,000 for women. These rates are much higher than those observed in most western countries. Several epidemiologic studies have examined potential etiologic factors other than tobacco and alcohol in this region of South America that may contribute to the high rates of ESCC. Some evidence suggests that [2] We defined smoke exposed subjects as subjects who are current tobacco smokers or have a cotinine value greater than category 1 (> 30 ng/ mL).
high consumption of churrasco and hot maté could be additional important risk factors [4] [5] [6] [7] [8] [9] [10] .
The median urine 1-OHPG level of the inhabitants of southern Brazil who were examined in this study (2.09 pmol/ml) was similar to those found in two other high ESCC-risk areas, namely Linxian, China (2.06 pmol/ml) [16] and northeastern Iran (4.2 pmol/ml) [28] . All of these concentrations are much higher than those reported for non-smoking US residents (0.23 pmol/ml) [29] . As Urine 1-hydroxypyrene glucuronide concentration plotted by frequency of barbeque preparation and tobacco smoke exposure Figure 2 Urine 1-hydroxypyrene glucuronide concentration plotted by frequency of barbeque preparation and tobacco smoke exposure. We divided subjects into four groups by whether they prepared barbeque at least once a week and whether they were smoke exposed (currently smoked tobacco or had a urine cotinine greater than category 1). Urine 1-OHPG concentration is plotted on the log scale. From left to right, the median for each group is indicated by the horizontal bar and the values are 0.8, 1.7, 3.1, and 3.7, respectively. From left to right, the number of subjects in each group is 60, 25, 85, and 29, respectively. The model was fit using log 10 transformed urine 1-OHPG concentrations.
[3] All P-values come from F-tests.
[4] Subjects reporting current smoking or a cotinine value greater then 1 were considered smoke exposed.
Urine 1-hydroxypyrene glucuronide concentration plotted by maté consumption and tobacco smoke exposure Figure 1 Urine 1-hydroxypyrene glucuronide concentration plotted by maté consumption and tobacco smoke exposure. We divided subjects into four groups by whether they ever consumed maté and whether they were smoke exposed (currently smoked tobacco or had a urine cotinine greater than category 1). Urine 1-OHPG concentration is plotted on the log scale. From left to right, the median for each group is indicated by the horizontal bar and the values are 0.3, 2.0, 2.4, and 3.4, respectively. From left to right, the number of subjects in each group is 28, 57, 17, and 97, respectively.
expected, tobacco smoking in our population had a significant association with urine 1-OHPG. Non-smoke exposed subjects who regularly prepare barbeque also had elevated urine 1-OHPG concentrations, presumably from increased smoke exposure during this activity. Surprisingly, we also found that any maté consumption significantly increased urine 1-OHPG concentrations and that there was a step-wise increase in 1-OHPG concentration with the volume of maté consumed.
Brazil is a country with recognized regional socio-economical and cultural differences. Rio Grande do Sul State has an economy based largely on agriculture and cattle production which has led to high consumption of red meat, due to relatively low prices and the availability of this product, and a preference for barbequed meat. The churrasco maker is exposed to coal or wood smoke when preparing the meat. We did not see a significant association between urine 1-OHPG concentration and the amount of barbeque consumed, but exposure to other potentially hazardous compounds that may be present in the barbequed meat, such as heterocyclic amines, should also be investigated [30] .
Several epidemiologic studies in this region of South America have shown an association between maté consumption and risk of esophageal cancer [4] [5] [6] [7] [8] [9] [10] . Possible reasons for this association include ingestion of carcinogens present in the unprocessed leaves of Ilex paraguayensis, ingestion of carcinogens produced or added as contaminants during the processing of the leaves, and thermal injury to the esophageal mucosa caused by drinking maté tea at very hot temperatures. Many people in this region drink large amounts of maté at very high temperatures. In our study population, we saw a median intake (interquartile range) of 500 (100 -1000) mls/day. Previous studies in southern Brazil have reported mean maté consumptions of 1200 and 1800 ml/day and mean temperatures measured just before consumption of 63.4 and 69.5°C [31, 32] . Several studies have reported that only the temperature at which maté was drunk was significantly associated with ESCC risk, while the amount of maté consumed and the temperature at which it was extracted were inconsequential [7, 11] . Other studies, however, reported that high temperature and a high volume of consumption were both important, and were independently associated with significantly increased risk of ESCC [4, 8] . Yet another study reported that duration and amount of maté consumption was consistently associated with cancer risk, but temperature was not [5] . We did not collect information on mate temperature in this study because we had no a priori reason to suspect that consumption temperature would affect urine 1-OHPG concentration. We also thought that without objective temperature measurements, questionnaire data concerning mate temperature would not be sufficiently reliable for meaningful evaluations.
In most studies from this region, mate consumption is considered to be an independent risk factor for esophageal cancer. The underlying mechanism, whether thermal or chemical, remain unclear. Fonseca et al. reported that extracts of unprocessed Ilex paraguayensis are mutagenic in bacterial assays and can cause chromosomal aberrations in human peripheral lymphocytes treated ex vivo [33] . The processing of this herb for maté involves roasting the leaves over an open fire, which can lead to the formation or addition of PAHs or other contaminants. A single study of processed mate purchased in Germany reported that the leaves contained up to 461 μg/kg benzo[a]pyrene, but there were relatively low concentrations of this PAH in the prepared beverage [34] . Differences in maté brand and the details of tea preparation might change the amount of benzo[a]pyrene in the tea. The finding of benzo[a]pyrene in maté implies, however, that elevated 1-OHPG concentrations in maté drinkers may come directly from the maté, and need not be attributed to uncontrolled confounders such as smoking. Our findings raise the possibility that PAH exposure from consumption of maté may be one cause for the previously reported association between maté drinking and ESCC risk.
Conclusion
We conclude that people in southern Brazil are exposed to high levels of PAH from tobacco smoke and maté drinking, as well as barbeque preparation and other unmeasured sources, and that this exposure may contribute to the high rates of ESCC observed in this area. Additional studies are needed to characterize this exposure more fully and to determine if it is etiologically associated with the high esophageal cancer rates found in this area. 
